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. (57) A technique for generating single : bit errpr-cor- 
recting, two-bit burst error detecting codes and a parity 
check matrix therefor selects values for the length of the 
code and the length of the information word in the code 
and the number of adjacent error detection syndromes 
(step 1 05). The parity check matrix is generated by con- 
structing an addition table for the nonzero elements of 
GF(20 for a chosen minimal polynomial p(x) with the 
syndromes expressed in exponential notation wherein 
GF is a Galois Field (step 120). Sets S, H, and D are 
formed, wherein the set S is used as a reference for rows 
and columns of the addition table and the set H contains 
error correction syndromes and the set D contains ad- 
jacent error detection syndromes (steps 125 and 130). 
A syndrome that occurs most frequently in the addition 
table but is not a member of set D is added to set D and 
deleted from set S (steps 150 and 155). The corre- 
sponding row and column of the syndrome that occurs 
most frequently is deleted from the addition table (step 
1 60). A determination is made as to whetherthe number 
of elements is set D is less than d. If so, the technique 
returns two steps back and if not, the technique pro- 



ceeds to the following step. All occurrences of syn- 
dromes not in set D are replaced in the body of the ad- 
dition table with -1 to produce an adjacency matrix which 
is used to perform a path search for a path of a prede- 
termined length beginning with vertex r-1 and adding 
syndromes to set H and deleting them from set S as the 
path grows (steps 170 and 175). Upon the path search 
terminating successfully, the set H is the parity check 
matrix (step 1 80). The code word to be corrected is mul- 
tiplied by the parity check matrix to produce a syndrome. 
If the syndrome is a member of set H, the code word is 
determined to contain a correctable single error. If the 
syndrome is a member of set D, the code word is deter- 
mined to contain an uncorrectable two bit adjacent error. 
If d was chosen such that d < 2 r - n - 1 , the syndrome 
may be non zero and be neither a member of set H nor 
set D, in which case the code word contains an uncor- 
rectable multiple bit error. If the syndrome is all zeros, 
the code word is determined to contain no errors. The 
single error in the code word is corrected and an uncor- 
rectable two bit adjacent error or uncorrectable multiple 
bit error is reported, as is no error in the code word. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001 ] The present invention relates to a technique for generating correction codes and more particularly, the present 
invention relates to a technique for generating correction codes that can correct a single error and detect two adjacent 
errors in an information word for a range of (n, k) values, where k denotes the length of the information word in bits 
and n denotes the length of the coded information word in bits. 

Description of the Related Art 

[0002] A microprocessor executing software and utilizing RAMs (Random Access Memories) can experience single 
and adjacent bit errors from high-energy particles impacting the RAMs. Previous attempts to alleviate these errors 
involved using error correction codes. However, these error correction codes substantially increase the number of bits 
which must be added to the base microprocessor word width. This both increases the amount of RAM needed as well 
as slowing the processing time due to the increased word length and increased processing time needed for error 
correction. 

[0003] Furthermore, digital communication techniques are now widely being used in many areas today including 
digital telephony, digital cable TV transmission, and the Internet. All of these digital communication techniques have 
required the use of error correction and error detection to correct for noise and interference in the communication path. 
[0004] There have been many previous attempts to formulate error correction codes, particularly single bit error 
correcting-double bit error detecting codes. One such. attempt is disclosed in an article entitled: "A Class of Optimal 
Minimum Odd-Weight-Column SEC-DED Codes," by M.Y. Hsaio, IBM J. Res. Dev., 14, July 1970. 
[0005] While the technique of Hsaio results in useful correct-ion codes, the addition of the number of parity bits 
needed for error detection and correction by the Hsaio technique often resufts in too high an overhead, thereby, ren- 
dering the technique of Hsaio unusable in certain applications. 

[0006] U. S. Patent No. 4,345,328 to White discloses an apparatus for and method of providing single bit error cor- 
rection and double bit error detection using through checking parity bits. A coding scheme is implemented which uses 
through checking parity bits appended to each byte as check bits. The remaining check bits are generated such that 
the combination of through checking parity bits and remaining check bits together provide single bit error correction 
and double bit error detection. While the scheme of White is useful, it is considerably more complex in handling certain 
types of double bit errors than that of the present invention. 

[0007] U. S. Patent No. 4,905,242 to Popp discloses an error detection and correction apparatus utilizing seven 
internally generated check bits which are applied to incoming data signals on the next clock. The technique of Popp 
uses a reduced set of check bits to only handle single bit errors in order to reduce the complexity of the technique and 
is able to pipeline the error checking activity. The present invention, on the other hand, is likewise of low complexity, 
yet adds double burst error detection. 

[0008] U. S. Patent No. 5,457,702 to Williams et al. discloses a system for correcting a single bit error and detecting 
burst errors. The technique of Williams et al. uses a complex set of error checking bits to increase the error checking 
performance to handle burst errors but at the high overhead due to the large number of check bits needed for the 
technique. On the other hand, the technique of the present invention takes a different approach so as to detect certain 
types of burst errors with less complexity and more efficiency. 

[0009] U. S. Patent No. 4,523,31 4 to Burns et al. discloses an improved error indicating system utilizing adder circuits 
for use with an error correction code system capable of detecting and indicating multiple bits errors and detecting and 
correcting single bit errors. As with the above-cited patents, Burns et al. system is more complex than that of the present 
invention. 

SUMMARY OF THE INVENTION 

[001 0] A technique for generating correction codes that can correct a single error and detect two adjacent errors in 
an information word for a range of (n, Rvalues, where k denotes the length of the information word in bits and n denotes 
the length of the coded information word in bits, first generates a parity check matrix. Upon generating the parity check 
matrix, a received word is multiplied by the parity check matrix to produce a syndrome corresponding to one of two 
mutually exclusive sets of syndromes if the word contains at least one error, each single bit error in the word corre- 
sponding one-to-one with a member of the first of two sets of syndromes and each two bit adjacent error corresponding 
non-uniquely to a member of the other set of syndromes and a syndrome containing all zeros if the word contains no 
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errors. The actual information in the word is corrected by inverting a bit containing an error if the produced syndrome 
corresponds to one of the sets of syndromes and an uncorrectable two bit adjacent error is reported if the produced 
syndromes corresponds to the other of the two sets of syndromes and no error is reported if the produced syndrome 
contains all zeros. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The foregoing and a better understanding of the present invention will become apparent from the following 
detailed description of example embodiments and the claims when read in connection with the accompanying drawings, 
10 all forming a part of the disclosure of this invention. While the foregoing and following written and illustrated disclosure 
focuses on disclosing example embodiments of the invention, it should be clearly understood that the same is by way 
of illustration and example only and the invention is not limited thereto. The spirit and scope of the present invention 
are limited only by the terms of the appended claims. 
[0012] The following represents brief descriptions of the drawings, wherein: 

15 

Figure 1 is a flowchart illustrating a technique for generating a parity check matrix in accordance with an example 
embodiment of the present invention . 

Figure 2 illustrates one example of a Hamiltonian path in accordance with an example embodiment of the present 
invention. 

20 Figure 3 illustrates one example parity check matrix for a (1 0, 6) code. 

DETAILED DESCRIPTION 

[0013] Before beginning a detailed description of the subject invention, mention of the following is in order. When 
25 appropriate, like reference numerals and characters may be used to designate identical, corresponding, or similar 

components in differing drawing figures. Furthermore, in the detail description to follow, example 

sizes/models/values/ranges may be given, although the present invention is not limited thereto. In addition, well-known 

components and elements have been omitted from the drawing figures for simplicity of illustration and discussion and 

so as not to obscure the invention. 
30 [0014] A linear block code is completely described by its parity check matrix H, and the present invention constructs 

codes which will correct a single error and detect errors in two adjacent bits by describing the structure of their parity 

check matrices. 

[001 5] For any binary linear block code with a k bit information word length and an n bit blocklength, H will be an (n- 
k) row by n column matrix of binary digits. A length k row vector of information bits I is encoded into a length n codeword 
35 c, where n > k. The code inserts r= n-k bits of parity in each codeword. 
[0016] In general, a row vector c is a valid codeword if and only if: 

cH T = 0 1xr 

40 

where 0 1xr is a 1 by r row vector of zeros, and the superscript T indicates the transposition of the preceding matrix, in 
this case, H. 

[0017] A codeword is generated from a row vector of information bits i using a k row by n column generator matrix 
G. G must satisfy the condition: 

45 

GH T = 0 kxr . 

The codeword is produced by multiplying i and G: 

50 

c = iG. 

It is well known that if the code is systematic, that is, all the information bits from i appear unaltered and in the same 
55 order in the codeword c, then G can be constructed from H. The requirement for G and the relationship between G 
and H when they describe a binary systematic code is: 
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H = [l r P], 

where P is an r by k matrix and l x is the x by x identity matrix. Systematic codes aid in the ease of decoding, and the 
codes developed below will all be binary systematic codes. 

[0018] If some event causes errors to occur in a stored codeword, the result is r = c+e, where the i* bit of e is 1 if 
an error has occurred in that bit and a 0 if no error has occurred. All sums are performed in modulo 2, which is equivalent 
to a bitwise XOR (Exclusive OR) of the vectors. If one or more errors occurs, then e is nonzero, and 

rH T = (c+e)H T + eH T = 0 1xr + s = s. 

where the nonzero 1 by rrow vector s is called the syndrome for the error pattern e. The calculation above, or syndrome 
computation, is used to detect errors in the codeword. Note that s depends only on the error pattern e and not the 
codeword c. Also note that ife happens to be a valid codeword, then s= Q Un and the error is undetected, since this 
is the condition given above for a valid codeword. 

[0019] If only one error occurs in a codeword, then only one bit position of e will contain a 1 . If the P* bit of e is 1 , 
then it is easy to see that eH T = s will simply be the P* column of H. If e is a weight 2 error pattern, say bits /' and / are 
1 , then eH T = s will be the modulo 2 sum of columns / and / of H. Each column of H can be viewed as an r-bit number 
or an element from GF(20- There are 2M possibilities for the n columns of H, each a nonzero member of GF(20- The 
all zeros syndrome is excluded, again, since it indicates no error is present in the codeword. 
[0020] The requirements on H to describe a code that will correct a single error and detect errors in any two adjacent 
bit positions are as follows: 

1 . Each column of H must be a unique, nonzero r-bit binary number or, equivalent^, a nonzero element of GF(20- 
This ensures that any single error will produce a unique syndrome and will, therefore, be correctable. Each column 
of H is an error correction syndrome. 

2. Since H has n columns, n syndromes are needed to form the columns of H and the remaining 2 f -n-1 syndromes 
. do not appear in H. These remaining 2 r -nA syndromes are error detection syndromes. If the result of the syndrome 

computation s is one of the error detection syndromes, then multiple errors have occurred in c. This is because if 
the codeword contained no errors, the syndrome computation would produce the all-zeros syndrome; and, if it 
contained a single error, the computation would produce one of the error correction syndromes. As described 
above, if two adjacent bits are in error, then the resulting syndrome will be the modulo 2 sum of the corresponding 
adjacent columns of H. Now, if the columns of H are arranged such that the modulo 2 sum of any two adjacent 
columns is one of the error detection syndromes, then the code will detect any two adjacent errors. 

3. The condition for a systematic code, described above, requires that the first rcolumns of H form an rby r identity 
matrix l r . This condition specifies rof the n error correction syndromes - (100.. .00) through (000. ..01) and r-1 of 
the 2 r -n-1 error detection syndromes- (110.. .00) through (000. ..11). 

[0021] To summarize, in order to form the parity check matrix H for this code, the set of 2 r -1 nonzero syndromes 
must be partitioned into two smaller sets. The first will be the set of n error correction syndromes; the second will be 
the set of 2 r -n-1 error detection syndromes. The two sets must be chosen such that the modulo 2 sum of any two of 
the error correction syndromes placed adjacent to each other in the parity check matrix is one of the error detection 
syndromes. It is important to note that it is not required that every error detection syndrome be the sum of two adjacent 
columns or H, only that every pair of adjacent columns of H sum toone of the error detection syndromes. Error detection 
syndromes that are the sum of two adjacent columns of H are called adjacent error detection syndromes. Finally, to 
form a systematic code, the first /-error correction syndromes and first r-1 error detection syndromes are chosen in the 
manner noted above. 

[0022] The strategy behind the present invention to produce the codes described above for various (/?, k) is to first 
partition the set S of nonzero syndromes into the set H of correction syndromes and the set D of detection syndromes. 
The partitioning is performed using a greedy strategy based on the frequency of a syndrome's appearance in the 
syndrome addition table. Once this is done, the members of set H are ordered to produce the parity check matrix H. 
This ordering operation is accomplished by viewing each member of H as a vertex in an undirected graph G, and 
attempting to find a Hamiitonian path in the graph. A detailed description of all these operations follows. 
[0023] An undirected graph such as G is a graph where an edge can be traveled in either direction: from vertex uto 
vertex v or from vertex vto vertex u. In a directed graph, this is not the case: an edge can be traveled in only one 
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direction. Two vertices in G are connected by an undirected edge if the modulo 2 sum of those two vertices is one of 
the members of D. This means that the sum of the vertices is one of the adjacent error detection syndromes, and those 
two vertices (error correction syndromes) may be placed adjacent to each other in the parity check matrix for the code. 
[0024] If the algorithm can find a path that visits each vertex in the graph exactly once, known in graph theory as a 
5 Hamiltonian path, then that path gives the order in which the error correction syndromes may be placed to form the 
parity check matrix for the code. 

[0025] The problem of finding a Hamiltonian path in a general graph G has been proven to be an NP-complete 
problem in theoretical computer science. This essentially means that there is no quicker method to search for a Ham- 
iltonian path in a general graph than by brute force examination of every possible path. No attempt was made to write 

10 an efficient algorithm to search for Hamiltonian paths in the graphs generated by this code search problem. Rather, 
the present invention provides an algorithm to produce error-correcting codes which employs a Hamiltonian path 
search. If there is a more efficient search procedure which exploits an underlying structure of the graphs produced 
here (or if someone proves that P=NPI), then that procedure may be plugged seamlessly into the algorithm to find 
codes. This will not change the scope of the invention, only the relative ease and speed with which codes may be 

is generated. Indeed, codes that may be too long to find with a brute force search algorithm may be generated quickly 
and without trouble with other Hamiltonian path search procedures. 

[0026] The algorithm to construct codes has been written in the M-file language of the mathematics software package 
MATLAB® . MATLAB® provides a toolbox with built-in functions that perform Galois field arithmetic. To take advantage 
of this feature, all syndromes were viewed as members of the Galois field with 2 r elements, commonly abbreviated as 

20 GF(20- In order to clarify what follows, an extremely brief synopsis of Galois field notation is provided below. 

[0027] In Galois field arithmetic, a nonzero r-bit binary number is viewed as a degree r-1 polynomial in a primitive 
element a, or alternately as a power of that primitive element a from a 0 to a 2 * 1 " 2 For example, the binary number 01 00 
is the polynomial Oct 0 + 1a 1 + Oct 2 + Oa 3 , or just a 1 . This representation is dependent on the choice of a minimal 
polynomial p(x) used to generate the field. The minimal polynomial has degree rand the property that p (a) = 0, and 

25 there are generally several choices of p(x) for a given r, each generating a different representation of the same field. 
[0028] Addition of Galois field elements is most easily performed when they are expressed as polynomials. The sum 
of two field elements is simply a term by term XOR (exclusive OR) of their coefficients. For example, the sum of Oct 0 
+ 1a 1 + 1a 2 and 1a° + 1a 1 + Oa 2 is 1a° + 0a 1 + 1a 2 . 

[0029] The power, or exponential, representation lends itself to straightforward multiplication of two elements. The 
30 exponent of the product of two elements is just the sum of the powers of the multiplicands, modulo 2 r -2. For example, 
if r= 3, o^a 5 = mode (a 9 ) -a 3 . 

[0030] As a second example, the binary number 1 1 00 can be expressed as 1 + 1 a + Oa 2 + Oa 3 . If we choose p(x) = 
1 + x + x 4 , (1 1 00) is equivalent to a 4 in the exponential representation of field elements. The fact that p(a)=0 is confirmed 
by substituting a into p(x), which evaluates to p(a) = 1 + a + a 4 = (1000) + (0100) + (1100) = 0. 

35 [0031] The syndromes of the code will be described as powers of a primitive element (exponential notation) here 
unless otherwise noted, and the minimal polynomial p(x) used to generate the field will always be specified. As short- 
hand, the element a 1 will be labeled / here, and the polynomial a 0 + a^ 1 +...+ a M a r " 1 will be labeled (aoa^.a,...,). 
Conversion from the exponential to polynomial form can be accomplished by computing modp| X) (a j ). 
[0032] The MATLAB® - files keep track of all syndromes in exponential notation to minimize the size of the arrays 

40 stored and also to improve readability of the output. The exponential form is more compact and will be used for this 
reason. Once a parity check matrix has been found, it is an easy task to convert H back to polynomial notation using 
a lookup table or a function which implements the calculation described above. 

[0033] A detailed explanation of Galois field arithmetic as it applies to error correction coding, as well as all the tables 
of the Galois field elements used here, can be found in Lin and Costeilo, "Error Control Coding: Fundamentals and 
45 Applications", Chapter 2 - Introduction to Algebra, Chapter 1 6 -Applications of Block Codes for Error Control in Data 
Storage Systems, Appendix A - Tables of Galois Fields, Prentice Hall, 1 983. 

[0034] The code search algorithm takes as its input n, the code blocklength in bits, and k, the length of the information 
word in bits. From these, it computes the number of parity bits, r=n-k. A third input, d, denotes the number of adjacent 
error detection syndromes used in the code, and will be described later. 
so [0035] The first task of the code search algorithm is to create an addition table of the nonzero elements of GF(2 r ). 
This addition table is a 2 r -1 row by 2 r -1 column square matrix, and an example is shown in Table 1 for r= 3. Note that 
the 0 shown in the table is not the zero element of GF(20. Instead, it represents a 0 , or (1 00), as described above. The 
zero element of the field (000) cannot be expressed as a finite integer power of a; so, instead, an asterisk represents 
it in the table. Row and column heading are included for clarity. The table was constructed with p(x) = 1 + x + x 3 . 

55 
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Table 1, 



[0036] The next step is to partition the set of all nonzero syndromes S into sets H and D, each initially empty. The 
algorithm is designed to create systematic codes. As described earlier, systematic block codes require that the first r 
columns of the parity check matrix form the identity matrix l r 

[0037] What, exactly, are the "systematic" correction syndromes added to H? In polynomial notation, they will be the 
rr-bit elements (100. ..00), (010...00), (000... 01). They can also be specified in exponential notation. This is because 
each of these syndromes is a polynomial with only one term, and a degree between 0 and r-1 , inclusive. So, regardless 
of the degree r minimal polynomial p(x) chosen to construct the field, the remainder of these one-term polynomial 
syndromes, when divided by p(x), will just be the syndromes themselves. Therefore, the elements {0, 1 , r-1} can 
always be initially added to H. 

[0038] What are the "systematic" detection syndromes added to D? In polynomial notation, they will be the r-1 r-bit 
elements (110. ..00), (011 ...0), (000. ..11). The exponential notation forthese elements, however, will depend on the 
minimal polynomial chosen to construct GF(20- The best one can do notation-wise is to say that {0+1 , 1+2, .... (r-2)+ 
(r-1 )} are being added to D. 

[0039] The next step is to choose the remaining adjacent error detection syndromes to add to D. The strategy is to 
choose error-detection syndromes that occur frequently in the body of the syndrome addition table. A syndrome that 
appears frequently in the addition table has many combinations of two error correction syndromes that will sum to it. 
This provides many options for placing different correction syndromes adjacent to each other in H, thereby improving 
chances to construct it successfully. 

[0040] Initially, in the body of the addition table, all elements appear with the same frequency, but this is altered by 
deleting rows and columns from the table. Some syndromes have already been selected to be members of H and D 
in order to create a systematic code. The rows and columns of the addition table corresponding to these elements may 
be removed with the exception of the syndrome r-1 . This syndrome is the last one in the systematic portion of H (the 
portion that looks like I r ) , and it will be the starting vertex of the path through the graph of the code. All previous members 
of H do not need to be considered in the addition table because it is already known that the path through them will be 
(0, 1, r-1), which will generate the adjacent error detection syndromes {0+1, 1+2, (r-2)+(r-1)} along the way. 
However, at vertex r-1 , the next vertex to visit must be chosen; therefore, it is necessary to know which vertices are 
adjacent. Towards this end, the rows and columns of the addition table associated with correction syndromes {0, 1 , 
r-2} and detection syndromes {0+1 ,1+2 (r-2)+(r-1 )} are removed. 

[0041] Upon removing rows and columns, the elements in the body of the addition table will no longer appear with 
equal frequency. The deleted rows and columns will remove more occurrences of some syndromes than others. The 
syndromes that appear most frequently in the modified addition table should be chosen for members of D, because 
more pairs of the remaining correction syndromes will sum to these elements. This "greedy" strategy would seem to 
make the task of finding a Hamiltonian path in the graph of the error correction syndromes as easy as possible, since 
it translates to adding the most edges to the graph. One would not want to choose a syndrome that occurred only a 
few times in the addition table as an adjacent detection syndrome, because this would mean that only a few pairs of 
correction syndromes would sum to it if placed next to each other in H. 
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[0042] After selecting the most frequently appearing syndrome and adding it to D, its rows and columns are deleted 
from the addition table. This is because one does not care what it sums to when added to correction syndromes; one 
only cares what pairs of correction syndromes sum to it. In this manner, the most frequently appearing syndromes are 
selected from the addition table, and their rows and columns deleted until D has been filled. 

5 [0043] As mentioned, one can select as many as 2 r -rM syndromes to fill D. In forming a systematic code, r-1 of 
these have already been determined; therefore, up to 2 r -n-r additional adjacent error detection syndromes may be 
selected. However, due to the nature of the Hamiltonian path problem, one may want to choose less than this number. 
The algorithm input parameter d denotes the number actually chosen, and it can be any number from r-1 to 2 r -/>1 , 
inclusive. The reason that one may want to choose less than the maximum number of adjacent error detection syn- 

10 dromes is that the average number of edges leaving a vertex is related to the number of elements in D. Having more 
elements in D results in a more complex graph, and a more complex graph takes longer to search for a Hamiltonian 
path. Ideally, one would always want to select the maximum number of elements to fill D, but, practically, that may not 
be feasible due to very long algorithm run times. If one chooses d to be less than 2 r -n-1 , S is no longer being partitioned 
into H and D. That is, not every element in S is an element in one of either H or D (but not both). Some elements of S 

is will not appear in H or D and will instead be general error detection syndromes, but not adjacent error detection syn- 
dromes. Once D is filled with d syndromes, the greedy search for detection syndromes is over, and one proceeds to 
the next phase of the algorithm. 

[0044] At this point, H contains {0, 1 , and D contains d adjacent error detection syndromes. The addition 

table has been pared down to only those rows and columns which do not appear in H (with the exception of r-1) and 

20 do not appear in D. One final alteration is now made to the addition table: any element in its body that is not a member 
of D is replaced by -1 . What started as the addition table for the code's syndromes has now been transformed into the 
adjacency matrix (A) for the graph (G) of the code. The adjacency matrix completely describes G. Each vertex in G 
has a corresponding row and column in A; two vertices have an edge between them if and only if the intersection of 
their respective row and column is not -1 . If the intersection is not -1 , then it is the member of D to which they sum, the 

25 two vertices are connected by an edge in the graph, and they may be placed adjacently in H. 

[0045] Now that the adjacency matrix has been generated, the search for a Hamiltonian path in the graph can begin. 
As a path is traced through the graph, each vertex visited is added to the end of set H. If n vertices are visited, then H 
is H, and the parity check matrix for an (n, k) code has been constructed. However, the Hamiltonian path search 
procedure may also determine that no such path is present in the graph, or run indefinitely in its search for a path. In 

30 these cases, the algorithm fails at producing an (n, k) code. 

[0046] The Hamiltonian path search procedure of the present invention is a basic "dumb" brute force search method. 
The procedure initializes a length n-r =k vector of integers called C (for Choice) with zeroes. A vertex will generally 
have more than one edge leaving it, and C stores an integer denoting which edge is currently being used in the overall 
path. The integer corresponds to the currently selected edge's order of appearance in a column of A, respective to the 

35 other edges, as one moves down a column of A. For example, if vertex a is connected to vertices x, y, and z, and x < 
y<z, then the edge to x will be numbered 1, the edge toy will be 2, and the edge to z will be 3. 
[0047] The search begins at vertex r-1 , which can be denoted as v 1f indicating it is the first vertex in the path. (This 

is not strictly true. Vertices 0, 1 r-2 precede it in the path, but there was no choice in visiting them. Vertex v 1 more 

correctly denotes the first vertex in the path where we can make a choice which vertex to visit next.) The procedure 

40 selects the first path out of r-1 , and sets C(1 ) equal to 1 . The new vertex is added to H, and the process continues until 
H contains n elements or the current vertex has no edges leaving it. If vertex v M has no edges leaving it, the search 
procedure backs up to the previous vertex in the path v /r increments C(i), resets C(h-1) to 0, deletes the (i+1) th element 
of H and attempts to extend the path using this new edge. If there are no additional unexplored edges leaving v,, the 
procedure backs up again to v M . In this manner, the path is explored until (1) n syndromes have been added to H, or 

45 (2) the procedure returns to v 1 and has no more unexplored edges, indicating that no Hamiltonian path exists. For 
large n, r f or d, a third, and possibly more likely alternative, is that the search procedure will not terminate in an ac- 
ceptable amount of time and must be "halted artificially" by the user. 

[0048] This is a full description of the code search technique in accordance with an example of the present invention. 
It is summarized below. The steps in parenthesis are those shown in Fig. 1 . 

50 

1 . Provide values for n, k, and d (step 105). 

2. Calculate the number of parity bits r = n-k (step 110). 

3. Perform a check to ensure that r-1 <d<2 r -n-1 (step 115). 

4. Construct the addition table for the nonzero elements of GF(20 for a chosen minimal polynomial p(x), with the 
55 syndromes expressed in exponential notation (step 120). 

5. Form the set S, initially containing all nonzero syndromes and used as a reference/label forthe rows and columns 
of the addition table (step 1 25). 

6. Create the sets H (error correction syndromes) and D (adjacent error detection syndromes), each initially empty 
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(step 130). 

7. Add the systematic error correction syndromes {0, 1 , .... r-1} to H, and delete {0, 1 r-2} from S, as well as 

their corresponding rows and columns from the addition table (step 135). 

8. Add the systematic adjacent error detection syndromes {0+1 , 1+2, (r-2)+(r-1)} to D, and delete them from S 
and the addition table (step 140). 

9. Find the syndrome that occurs most frequently in the addition table but is not a member of D (step 145). 

10. Add that syndrome to D (step 150). 

11 . Delete that syndrome from S (step 155). 

12. Delete the corresponding row and column of that syndrome from the addition table (step 160). 

1 3. If the number of elements in set D is less than d, then return to step 9. Otherwise continue to the following step 
(step 165). 

14. Replace all occurrences of syndromes not in D, in the body of the addition table, with -1. The result is the 
adjacency matrix A (step 170). 

15. Use A to perform a Hamiltonian path search for a path of length n beginning with vertex r-1 and adding syn- 
dromes to H and deleting them from S as the path grows (step 175). 

16. If the search terminates successfully, the set H is the parity check matrix H (step 180). 

1 7. If d < 2 r -n-r, any syndromes remaining in S are error detection syndromes that do not detect adjacent errors 
(step 185). 

18. Convert the columns of H from exponential to polynomial notation (step 190). 

[0049] The Hamiltonian path search in step 1 5 is described in the text above, but any similar but more efficient search 
may be substituted. 

[0050] As an example, a (10,6) code will be constructed in accordance with the present invention. 

[0051] 1-3. Set n = 10,*= 6, and with (r-1 = 3) < d< (2'-n-1 = 2*-10-1 = 5), one chooses, for example, the maximum 

d=5. 

[0052] 4. With p(x) = 1 + x + x 4 , the addition table for GF(2 4 ) in exponential format is shown in Table 2. Row and 
column headings are included for clarity. 

[0053] 5.-6. Initialize S = {0, 1 , 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 , 12, 13, 14}, and H = D = 0 (the empty set). 

[0054] 7.-8. After completion of step 8, S = {7, 8, 9, 10, 11 , 12, 13, 14}, H = {0, 1 , 2, 3}, and D = {4, 5, 6}. The updated 

addition table is shown in Table 3. 
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Table 2. 

35 

[0055] 9.-13. In steps 9-13, first 8 and then 10 will be added to D. Upon continuing to step 14, S = {7, 9, 11, 12, 13, 
14}, and D = {4, 5, 6, 8, 10}. The rows and columns corresponding to syndromes 8 and 10 are removed from the 
addition table. 

40 [0056] 14. All syndromes except those in D are replaced with -1 to form A, and it is shown in Table 4. 

[0057] 15.-1 7. A Hamiltonian path through the graph is displayed in Figure 2 (it is not unique). Each numbered circle 
corresponds to a vertex in the graph, the number specifying the exponential notation of the vertex's syndrome. Lines 
between vertices indicate edges in the adjacency matrix, and the darkened lines indicate the Hamiltonian path found 
by the search procedure. Numbers along the graph's edges indicate the adjacent error detection syndrome to which 

45 the connected vertices sum. Note that detection syndrome 6 appears only once along the path (between vertices 2 
and 3), so the exact 2-bit adjacent error which produced it can be corrected. Upon completion of the path search, H = 
{0, 1, 2, 3, 7, 11, 13, 9, 12, 14}; this is the parity check matrix of the code in exponential notation. At the completion of 
the path search, S = 0, since d was set to its maximum valid value. 

[0058] 18. H is converted to polynomial notation and is shown in Figure 3. Row 1 of H contains the coefficients of 
so a 0 and row r contains the coefficients of o/~ 1 for the error correction syndrome forming each column. 

[0059] Table 5 displays the parameters for codes generated in accordance with the present invention. Table 6 lists 
the parity check matrices, in exponential notation, of several codes. In addition, any of the codes listed may be shortened 
from (n, k) codes to (n-1 t k-1) codes, where 7 is an integer. A code is shortened simply by removing 1 columns from 
the rightmost end of the code's parity check matrix. 

55 
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Table 5. 
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Table 6. 
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CODE 
(n,k) 


MINIMAL POLYNOMAL 
P(x) 


PARITY CHECK MATRIX 
H 


(10,6) 


1 + X + X 4 


[0 1 23 7 11 13 9 12 14] 


(25,20) 


1 + X 2 + X 5 


[0 1 23 4 13 9 14 10 7 17 15 252228 12 27 8 6 29 23 26 16 24 30] 


(56,50) 


1 + X + X 6 


[0 1 2 345 11 16 14 24 32 13 18 54 33 19 38 28 37 23 31 17 36 27 35 21 
20 34 15 40 43 46 22 30 39 42 58 47 51 55 25 62 60 57 29 50 61 59 48 52 
45 56 49 41 44 53] 



[0060] Table 7 shows some of the information in Table 5, as well as the parameters for several Hsaio codes. Hsaio 
codes can correct a single error and detect any 2-bit errors. However, Hsaio codes have much shorter blocklengths 
than the codes developed here for a given number of parity bits. In applications where errors in memory are caused 
by high energy particles striking and disrupting the memory elements, adjacent 2-bit errors are by f arthe most common 
multiple weight errors (see O'Gorman et al., "Field Testing for Cosmic Ray Soft Errors in Semiconductor Memories," 
IBM J. Res. Develop., Vol. 40, No. 1, February 28, 1995, and Ziegler et al., "Effects of Cosmic Rays on Computer 
Memories," Science, Vol. 206, November 16, 1975). Therefore, the added parity in Hsaio codes has marginal value in 
these applications. 

Table 7. 
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45 

[0061] The codes developed here are high rate and suitable for applications where the most common multiple weight 
error is a 2-bit burst error. The codes provide protection against the most common error events with a minimum of 
parity added to the instruction word. The algorithm presented here allows for the construction of codes to fit very general 
information word and code word lengths, including word lengths commonly used in microprocessor and CPU boards, 
so as well as other non-standard lengths. In addition, the algorithm constructs systematic codes, which provide greatly 
enhanced decoding speeds. The codes have a wide range of applications for data storage. 

[0062] This concludes the description of the example embodiments. Although the present invention has been de- 
scribed with reference to illustrative embodiments thereof, it should be understood that numerous other modifications 
and embodiments can be devised by those skilled in the art that fall within the spirit and scope of the principles of this 
55 invention. More particularly, reasonable variations and modifications are possible in the component parts and/or ar- 
rangements of the subject combination arrangement within the scope of the foregoing disclosure, the drawings, and 
the appended claims without departing from the spirit of the invention. In addition to variations and modifications in the 
component parts and/or arrangements, alternative uses will also be apparent to those skilled in the art. 
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Claims 

1 . A method of generating a parity check matrix H for a single-bit error-correcting, two-bit burst error-detecting code, 
the method comprising: 

a - select values for n, k, and d, wherein n is the block length of the code in bits and k is the length of the 
information word in the code in bits and d is the number of adjacent error detection syndromes; 
b - calculate the number of parity bits r = n-k; 

c - check to insure that r-1 is less than or equal to d which is less than or equal to [(2^-1 ]; 

d - construct an addition table for the nonzero elements of GF(20 for a chosen minimal polynomial p(x) with 

the syndromes expressed in exponential notation, wherein GF is a Galois Field; 

e - form the set S, the set S initially containing all nonzero syndromes and used as a reference for the rows 
and columns of the addition table; 

f - form the sets H and D, the sets H and D each initially empty, wherein the set H contains error correction 
syndromes and the set D contains adjacent error detection syndromes; 

g - add syndromes [0, 1 r-1 ] to set H and delete syndromes [0, 1 r-2] from set S as well as their corre- 
sponding rows and columns from the addition table; 

h - add syndromes [0+1 , 1+2,..., (r-2) +(r-1)] to set D and delete them from set S and the addition table; 

i - upon the number of elements in set D being less than d, find a syndrome that occurs most frequently in the 

addition table but is not a member of set D; 

j - add the syndrome that occurs most frequently to set D; 

k - delete the syndrome that occurs most frequently from set S; 

I - delete the corresponding row and column of the syndrome that occurs most frequently from the addition table; 
m - determine if the number of elements in set D is less than d; if so, return to step / and if not, continue with 
the following step; 

n - replace all occurrences of syndromes not in set D, in the body of the addition table, with -1 to produce an 
adjacency matrix A; 

0 - use the adjacency matrix A to perform a path search for a path of length n beginning with vertex r-1 and 
adding syndromes to set H and deleting them from set S as the path grows; 

p - upon the path search terminating successfully, the set H comprises the parity check matrix H; 

q - upon d being less than [(2 r )-n-r], in the syndromes remaining in set S, there are detection syndromes that 

do not detect adjacent errors; and 

r - convert the columns of parity check matrix H from exponential to polynomial notation. 

2. The method of claim 1 , wherein the path search comprises a Hamiltonian path search. 

3. A single bit error correction, double burst error detection method comprising: 

a - receive an n bit code word which may contain errors, said received n bit code word including Kbits of actual 

information and r parity bits for error detection and correction; 

b - select a value for the number of adjacent error detection syndromes d; 

c - check to insure that r-1 is less than or equal to d which is less than or equal to [(20^-1 ] ; 

d - construct an addition table for the nonzero elements of GF(2 r ) for a chosen minimal polynomial p(x) with 

the syndromes expressed in exponential notation, wherein GF is a Galois Field; 

e - form the set S, the set S initially containing all nonzero syndromes and used as a reference for the rows 
and columns of the addition table; 

f - form the sets H and D, the sets H and D each initially empty, wherein the set H contains error correction 
syndromes and the set D contains adjacent error detection syndromes; 

g - add syndromes [0, 1 r-1] to set H and delete syndromes [0, 1 r-2] from set S as well as their corre- 
sponding rows and columns from the addition table; 

h - add syndromes [0+1 ,1+2,..., (r-2) +(r-1 )] to set D and delete them from set S and the addition table; 

1 - find a syndrome that occurs most frequently in the addition table but is not a member of set D; 
j - add the syndrome that occurs most frequently to set D; 

k - delete the syndrome that occurs most frequently from set S; 

I - delete the corresponding row and column of the syndrome that occurs most frequently from the addition table; 
m - determine if the number of elements in set D is less than d; if so, return to step / and if not, continue with 
the following step; 

n - replace all occurrences of syndromes not in set D, in the body of the addition table, with -1 to produce an 
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adjacency matrix A; 

0 - use the adjacency matrix A to perform a path search for a path of length n beginning with vertex r-1 and 
adding syndromes to set H and deleting them from set S as the path grows; 

p - upon the path search terminating successfully, the set H comprises the parity check matrix H; 

q - upon d being less than [(2 r )-n-r] f in the syndromes remaining in set S, there are detection syndromes that 

do not detect adjacent errors; and 

r - convert the columns of parity check matrix H from exponential to polynomial notation; 
s - multiply the received code word by the parity check matrix H to produce a syndrome corresponding to one 
of the sets of syndromes H and D if the received word contains an error, each single bit error in the received 
word corresponding one-to-one with a member of the set of syndromes H and each two bit adjacent error in 
the received word corresponding non-uniquely to a member of the set of syndromes D, and a syndrome con- 
taining ail zeros if the received word contains no errors; 

t - correcting the k bits of actual information of the received word by inverting a bit containing an error if the 
produced syndrome corresponds to the set of syndromes H; 

u - reporting an uncorrectable two bit adjacent error in the received word if the produced syndrome corresponds 
to the set of syndromes D; and 

v - reporting an uncorrectable multiple bit error in the received word if the produced syndrome corresponds to 
neither the set of syndromes H, nor the set of syndromes D, nor the syndrome containing all zeros; and 
w - reporting no error in the received word if the produced syndrome contains all zeros. 

The method of claim 3, wherein the path search comprises a Hamiltonian path search. 

A method of generating a parity check matrix for a single-bit error-correcting, two-bit burst error-detecting code, 
the method comprising: 

a - select values for n, k, and d, wherein n is the block length of the code in bits and k is the length of the 

information word in the code in bits and d is the number of adjacent error detection syndromes; 

b - check to insure that r-1 is less than or equal to d which is less than or equal to [(20-n-l] ; 

c - construct an addition table for the nonzero elements of GF(2 r ) for a chosen minimal polynomial p(x) with 

the syndromes expressed in exponential notation, wherein GF is a Galois Field; 

d - form the set S, the set S initially containing all nonzero syndromes and used as a reference for the rows 
and columns of the addition table; 

e - form the sets H and D, the sets H and D each initially empty, wherein the set H contains error correction 
syndromes and the set D contains adjacent error detection syndromes; 

f - find a syndrome that occurs most frequently in the addition table but is not a member of set D; 
g - add the syndrome that occurs most frequently to set D; 
h - delete the syndrome that occurs most frequently from set S; 

1 - delete the corresponding row and column of the syndrome that occurs most frequently from the addition table; 
j - determine if the number of elements in set D is less than d; if so, return to step /'and if not, continue with 
the following step; 

k - replace all occurrences of syndromes not in set D, in the body of the addition table, with -1 to produce an 
adjacency matrix A; 

I - use the adjacency matrix A to perform a path search for a path of length n beginning with vertex r-1 and 
adding syndromes to set H and deleting them from set S as the path grows; 

m - upon the path search terminating successfully, the set H comprises the parity check matrix H; and 
n - convert the columns of parity check matrix H from exponential to polynomial notation. 

The method of claim 5, wherein the path search comprises a Hamiltonian path search. 

A single bit error correction, double burst error detection method comprising: 

a - receive an n bit code word which may contain errors, said received n bit code word including Ac bits of actual 

information and r parity bits for error detection and correction; 

b - select a value for the number of adjacent error detection syndromes d; 

c - check to insure that r-1 is less than or equal to d which is less than or equal to [^-n-l ]; 

d - construct an addition table for the nonzero elements of GF(2 r ) for a chosen minimal polynomial p(x) with 

the syndromes expressed in exponential notation, wherein GF is a Galois Field; 

e - form the set S, the set S initially containing all nonzero syndromes and used as a reference for the rows 
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and columns of the addition table; 

f - form the sets H and D, the sets H and D each initially empty, wherein the set H contains error correction 
syndromes and the set D contains adjacent error detection syndromes; 

g - find a syndrome that occurs most frequently in the addition table but is not a member of set D; 
h - add the syndrome that occurs most frequently to set D; 
i - delete the syndrome that occurs most frequently from set S; 

j - delete the corresponding row and column of the syndrome that occurs most frequently from the addition table; 
k - determine if the number of elements in set D is less than d; if so, return to step / and if not, continue with 
the following step; 

I - replace ail occurrences of syndromes not in set D, in the body of the addition table, with -1 to produce an 
adjacency matrix A; 

m - use the adjacency matrix A to perform a path search for a path of length n beginning with vertex r-1 and 
adding syndromes to set H and deleting them from set S as the path grows; 

n - upon the path search terminating successfully, the set H comprises the parity check matrix H; and 
o - convert the columns of parity check matrix H from exponential to polynomial notation; 
p - multiply the received code word by the parity check matrix H to produce a syndrome corresponding to one 
of the sets of syndromes H and D if the received word contains an error, each single bit error in the received 
word corresponding one-to-one with a member of the set of syndromes H and each two bit adjacent error in 
the received word corresponding non-uniquely to a member of the set of syndromes D, and a syndrome con- 
taining all zeros if the received word contains no errors; 

q - correcting the kbits of actual information of the received word by inverting a bit containing an error if the 
produced syndrome corresponds to the set of syndromes H; 

r - reporting an uncorrectable two bit adjacent error in the received word if the produced syndrome corresponds 
to the set of symdromes D; 

s - reporting an uncorrectable multiple bit error in the received word if the produced syndrome corresponds to 
neither the set of syndromes H, nor the set of syndromes D, nor the syndrome containing all zeros; and 
t - reporting no error in the received word if the produced syndrome contains all zeros. 

The method of claim 7, wherein the path search comprises a Hamiltonian path search 
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Select values for n, k, and d, wherein n is the block length of the code in bits and 
k is the length of the information word in the code in bits and d is the number of 
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Calculate the number of parity bits r = n-k; 



Check to ensure that r-1 is less than or equal to d which is less than or equal 
to [(2*r)-n-1]; 



Construct an addition table for the nonzero elements of GF (2*r) for a chosen 
minimal polynomial p (x) with the syndromes expressed in exponential notation, 
wherein GF is a Galois Field; 



Form the set S, the set S initially containing all nonzero syndromes and used 
as a reference for the rows and column s of the addition table; 



Form the sets H and D, the sets H and D each initially empty, wherein the set 
H contains error correction syndromes and the set D contains adjacent error 
detection syndromes; ^ ■ 



Add systematic error correction syndromes [0, 1, .... r-1] to set H and delete 

syndromes [0,1 r-2] from set S as well as their corresponding rows and 

columns from the addition table; 



Add systematic adjacent error detection syndromes [0+1, ...] to set D and delete 
them from set S and the addition table; 
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Replace all occurrences of syndromes not in set D, in the body of the addition 
table, with -1 to produce an adjace ncy matrix A; 

I ~ 

Use adjacency matrix A to perform a path search for a path of length n beginning 
with vertex r-1 and adding syndromes to set H and deleting them from set S 
as the path grows; 

I 

Upon the path search terminating successfully, the set H comprises the parity 
check matrix H; 

i 

Upon d being less than [(2 A r)-n-r], in the syndromes remaining in set S, there 
are detection syndromes that do not detect adjacent errors; 
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Convert the columns of parity check matrix H from exponential to polynomial 
notation. 
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